The 30-300GHz millimeter wave (mmWave) band is currently being pursued to combat the rising capacity demands in 5G, WiFi, and IoT networks. Due to the high frequency, impulse radio (IR) in this band is better suited for positioning than other existing low-frequency bands. Besides precision positioning, the exceptionally wide bandwidth also enables concurrent use of multiple center frequencies in the same application, which opens up additional avenues of information encoding in IR mmWave networks. In this paper, we propose a new mmWave IR framework that can simultaneously detect direction of arrival (DOA) as well as the center frequency of the transmitted pulse. Based on the emerging graphene-based transceivers, we evaluate the performance of the proposed framework in the higher frequency region of mmWave band (100-300GHz). Numerical experiments demonstrate that the proposed framework can detect the DOA of a 0.1 µW mmWave pulse within 1 degree of precision at 20 meters, and classify three different center frequencies with 100% accuracy from a distance of 10 meters. These performances could be further improved by trading off the pulse rate of the system.
INTRODUCTION
To combat the severe spectrum shortage in current communication bands, the industry is exploring the use of 30-300GHz mmWave band in both 5G and WiFi networks. While most mmWave developments have focussed on conventional continuous wave transmissions, researchers are beginning to explore the impulse radio (IR) benefits of this band [2] . Impulse refers to an extremely short pulse on the order of nano or pico seconds with its energy distributed over a wide bandwidth. The high frequency enables mmWave pulses to localize objects very precisely. Indeed, many new positioning applications, such as precise vehicle positioning for driverless cars [2, 11] , are emerging based on mmWave IR.
We explore other opportunities of IR mmWave beyond positioning. We observe that the extremely wide bandwidth of mmWave band opens up new opportunities to design multiple non-overlapping pulses with different center frequencies contained within the same communication band. It is thus feasible to conceive new IR mmWave applications that can code information in the center frequency of a pulse. For example, energy constrained Internet of Things could simply send a single pulse to update their status coded in its center frequency, provided the base station could detect the center frequency of the received pulse. When combined with positioning capability of IR, the same single pulse could provide both localization and status information for the IoT at minimal power consumption. In this paper, we propose a new mmWave IR framework that can simultaneously detect DOA as well as the center frequency of the transmitted pulse. Our specific contributions are as follows:
• We propose a method to detect both DOA and center frequency of a mmWave pulse received at a linear uniform array (ULA) antenna. While we use the well-known MUSIC algorithm for DOA estimation, we propose a new method to estimate and classify the center frequency using the concept of spectral centroid. Although spectral centroid has been used in other applications, such as cognitive load classifications [5] , to our knowledge, this is the first attempt to use it for C a m e r a R e a d y central frequency detection in IR communications.
• Based on the propagation and noise properties of emerging graphene-based transceivers, we analyze the performance of the proposed framework in the higher frequency region of the mmWave band (100-300GHz), which happens to be within the resonance frequency band of graphene. Further, Graphene enables the fabrication of miniaturized and reconfigurable transceivers, which is not possible with conventional materials. Numerical experiments demonstrate that the proposed framework can detect DOA of a 0.1 µW higher time derivative Gaussian pulse within 1 degree of precision at 20 meters, and classify three different center frequencies with 100% accuracy from a distance of 10 meters. Our framework allows to improve these performances by trading off the pulse rate (e.g., IoT status update rate) of the system. The remainder of the paper is organized as follows. The higher time derivative Gaussian IR waveforms are examined in Section II followed by the channel characteristics of graphene-based transceivers in Section III. The system model along with DOA and center frequency estimation methods are described in Section IV. We present numerical experiments in Section V and conclude the paper in Section VI.
HIGHER TIME ORDER DERIVATIVE GAUSSIAN PULSES
mmWave devices based on Graphene nano antennas are expected to communicate by transmitting higher order Gaussian pulses of few µW per pulse [4] . The time domain representation of standard Gaussian pulse д (t) is given as
where σ is the standard deviation of the Gaussian pulse in seconds. The higher time order Gaussian pulse д n (t) is obtained by taking time derivative of д (t) and is given as
where n represents the order of Gaussian pulse. The scaling factor a n , adjusts the energy content E д of the pulse and is given as
Since Gaussian pulses are of infinite duration, the total time duration T д of these pulses is assumed as 10σ [8] . Here, T д is defined as the time interval which contains more than 99.99% of pulse energy. Hence, the power P of the transmitted higher order Gaussian pulse is given as P = E д /T д . The Fourier representation G n (f ) of higher order Gaussian pulse is also Gaussian and is represented as G n (f ) = a n (j2π f ) n e −0.5(2π σ f ) 2 (4) The center frequency f c of the higher order Gaussian pulses is given as [8] f c = √ n 2π σ (5) Table 1 shows different center frequencies f c in mmWave band along with their half power frequencies f l and f h for higher order Gaussian pulses from order 1 to 10. Also shown in Table 1 is the energy scaling factor a n , half power bandwidth B 3 d B andT д . The center frequencies of Gaussian pulses for different orders are not same as its value is adjusted to obtain nonoverlapping half power bandwidth. Further, it is observed that the number of center frequencies with nonoverlapping half power bandwidth increases with increase in the order of Gaussian pulse (in blue color). The time domain representation of higher order Gaussian pulses of from n = 6 to 10 with different center frequencies is shown in Fig. 1 Figure 2 : Molecular absorption coefficient for standard summer air mmWave channel.
CHANNEL CHARACTERISTICS
In this paper, we consider mmWave frequency band from 100 GHz -325 GHz. This section reviews the channel response and ambient noise affecting the propagation of electromagnetic waves in the mmWave channel and these effects are modeled using radiative transfer theory [4] .
Channel Response
The channel response H (f , d r ) accounts for both spreading loss H spr ead (f , d r ) and molecular absorption loss H abs (f , d r ) and is represented in frequency domain as
where f denotes frequency, c o is the velocity of light in vacuum, d r is the path length, and k (f ) is the medium absorption coefficient. The medium absorption coefficient k (f ) of the mmWave channel at frequency f composed of Q type molecules is given as
where x q is the mole fraction of molecule type q and K q is the absorption coefficient of individual molecular species. The absorption coefficient k (f ) of the mmWave channel for standard summer air with 1.86% concentration of water vapor is shown in Fig.2 .
Molecular Absorption Noise
For transceivers fabricated using graphene material, the effect of thermal noise is negligible [4] . The ambient noise affecting the propagation of waves in mmWave band arises due to the propagating of wave itself and is defined as molecular absorption noise. The total molecular absorption noise p.s.d. S N (f , d r ) affecting the transmitted pulse is the sum of background atmospheric noise p.s.d S N B (f , d r ) and the self induced noise p.s.d. S N G (f , d r ) and is given as [4] S
where k B is the Boltzmann constant, T 0 is the room temperature and S G (f ) represents p.s.d. of transmitted pulse. 
SYSTEM MODEL
The proposed system model for mmWave device localization and event classification using higher order Gaussian pulses is shown in Fig. 3 . The mmWave device is localized by estimation of its DOA. The estimation of DOA using the MUSIC algorithm for Gaussian pulses with different center frequencies within terahertz band is investigated in [6] . Later, the center frequency classification based on spectral centroid was addressed in [7] . For a specific order of Gaussian pulse, different events (or status information) at the mmWave device are encoded with different center frequencies that have nonoverlapping half power bandwidth within 100 GHz -325 GHz. The receiver in Fig. 3 has the prior knowledge about the different center frequencies transmitted by the mmWave device. The steps for mmWave device localization and event classification is described as follows • Localize the mmWave node by estimating its DOA.
• Using the estimated DOA, estimate the p.s.d. of the transmitted higher order Gaussian pulse.
• The center frequency of higher order Gaussian pulse is estimated by computing spectral centroid from the estimated p.s.d..
• Based on the estimated center frequency, a particular event is identified (classified).
mmWave Device Localization
This section describes the procedure for estimating the DOA of a single mmWave device using a ULA with N antennas elements. The spacing between antenna elements in ULA is d s m. The path length between ULA and mmWave device is represented as d r . The received wideband higher order Gaussian pulse at the output of the ith element in ULA is represented as [4] .
is the terahertz channel impulse response between ULA and mmWave device in θ direction. v i represents molecular absorption noise created between element i of ULA and mmWave device. τ i represents the time delay for the pulse arriving at i th element of ULA with respect to a reference element. The time delay τ i is measured with respect to a reference element of ULA which is located at the origin. When the signal received at the output of the ULA is observed for sufficiently large snapshot observation time ∆T , the Fourier representation of (13) is given as [9] Y
C a m e r a R e a d y where f b is the frequency bin and V i (f b , d r ) is the Fourier coefficient of molecular absorption noise. Further the output of array is observed for K non-overlapping time interval ∆T and Fourier coefficients is computed for each time interval. Here, K is called as frequency snapshot number. For mmWave device localization using single pulse, the value of K is set as 1, as the output of ULA is observed for a single ∆T . The number of frequency bins L is given as [9] L = ⌊B · ∆T ⌋ + 1 (16) where ⌊·⌋ is the floor operator, B is the terahertz channel bandwidth and the observation time interval ∆T is significantly greater than the propagation time across ULA. Now, the Fourier coefficients at frequency f b across N sensors for a K number of frequency snapshots is represented in matrix form as
where (·) H denotes conjugate transpose and E [·] represents expectation. For K = 1 and since the value of molecular absorption coefficient k (f ) is very less in the mmWave band (see Fig. 2 ), (18) is simplified as
In (19), I N is the identity matrix of size N × N and the term
is the noise variance around narrow frequency sub-band centered at frequency f b . Eqn. (19) is same as the covariance matrix at the output of ULA assuming noise to be independent of Gaussian pulses emitted by mmWave devices. σ 2 (f b , d r ) is computed as
In this paper, incoherent multiple signal classification (IMU-SIC) DOA estimation method is used for localizing mmWave devices. The IMUSIC wideband DOA estimation technique is given as [10] 
where E n (f b , d r ) is the noise eigenvector matrix which is obtained from eigen value decomposition of R Y (f b , d r ). Eqn. (21) is called as IMUSIC spectrum and it is observed that, the quality of DOA estimate depends on communication distance between mmWave device and ULA. The DOA estimate from IMUSIC spectrum is estimated aŝ θ (d r ) = arg max θ P IMUSIC (θ, d r )
Further, the received covariance matrix at each frequency bin f b is estimated asR
Power spectral density
This section describes the procedure for estimation of the p.s.d. of the received Gaussian pulse. Since the molecular absorption coefficient is low in the mmWave band, the noise term in (19) is neglected and the estimated p.s.d. is given aŝ
where (·) † represents pseudo inverse operator and a f b ,θ is the array steering vector computed using DOA estimateθ .
Center Frequency Estimation
We now describe the proposed solution for estimating the center frequency of the Gaussian pulse. It is difficult to locate the center frequency of the Gaussian from the estimated p.s.d, due to the presence of molecular resonance peaks and nonuniform channel characteristics. To overcome this problem, the center frequency of the higher order Gaussian pulse is estimated by computing spectral centroid from the estimated p.s.d. of the received Gaussian pulse. The spectral centroid is defined as the center of mass of amplitude or power spectrum. The spectral centroid is used to efficiently discriminate between different cognitive load levels using speech signal and is defined as [5] 
here L represents number of frequency bins within mmWave band, ∆f represents width of frequency bin andŜ G (f b ) · ∆f represents the estimated power spectrum. Based on the computed spectral centroid f cen , the center frequency f ci of the transmitted higher order Gaussian pulse is estimated according to the following rulê
SIMULATION RESULTS
In this section, simulation results are presented to analyze DOA and center frequency estimation accuracy using a single Gaussian pulse with its order varying from n = 6 th to 10 th order in higher mmWave frequency band (100 GHz -325 GHz). The IMUSIC and Spectral centroid estimation algorithms explained in the previous section is implemented using MATLAB R2014a.
Parameters and Performance metrics
In the simulation, the number of antenna elements in ULA is considered as 8, as a large number of antenna elements in ULA provides good DOA estimation accuracy. The distance between consecutive antenna elements in ULA is half the wavelength λ min of frequency 325 GHz, that is d s = 0.4615 mm to avoid spatial aliasing. The transmitting mmWave device is assumed to be located in the far-field region of ULA with DOA 12.5175 • . Two different snapshot observation time C a m e r a R e a d y intervals ∆T = 42 ps (L = 11) and ∆T = 180 ps (L = 42) are considered in the simulation. The power of higher order Gaussian pulses is set to 0.1 µW. Further, the Nyquist sampling frequency required at the ULA will be 650 GHz, which is twice the maximum frequency 325 GHz. But, the maximum sampling frequency of the current data converters is 100 GHz [12] . Using sub-Nyquist methods like the finite rate of innovation, the required Nyquist rate can be reduced by a factor of 20 [3] . The high-resolution transmission molecular absorption (HITRAN) database [1] is used to obtain the molecular absorption coefficient k (f ) of the mmWave channel. The estimation accuracy of the parameters DOA estimateθ and center frequency f c for single sensor node is measured in terms of root mean square error (RMSE) and is defined as
where N r un is the total number of single pulse transmissions, m (i) ∈ θ ,f c is the estimate of parameter in i th simulation run and its corresponding true value is m ∈ {θ, f c }. The classification accuracy of center frequency of higher order Gaussian pulse is defined in terms of true positive rate (TPR). TPR is defined as the number of correct classification of center frequency in total number of single pulse transmissions. The value of N r un is selected as 500.
DOA estimation accuracy
The DOA estimation performance as a function of path length is shown in Fig. 4 and it is observed that DOA estimation accuracy decreases with an increase in path length. Further, we make the following observations: 1) For a given pulse power, lower center frequency Gaussian pulses which have higher energy content provides better DOA estimation accuracy at large path lengths as compared to low-energy higher center frequency Gaussian pulses (see Table 2 ). A possible explanation for this outcome is because the signal to noise ratio at each frequency bin does not depend on the pulse duration. 2) The DOA estimation performance is better for large snapshot observation time ∆T = 180 ps as the RMSE is below 1 degree for path length up to 30 m as compared to 20 m for ∆T = 42 ps. This is due to availability of large number of frequency bins at ∆T = 180 ps. Fig. 5 shows the RMSE and TPR as a function of path length for center frequency estimation and classification respectively. We make the following observations: 1) The center frequency estimation and classification accuracy decrease rapidly with an increase in path length for Gaussian pulses with lower center frequencies. A possible explanation for this outcome is because the Gaussian pulse of lower center frequency will have lesser half power bandwidth. Hence, a fewer number of frequency bins with significant p.s.d. values will be available for estimating the center frequency.
Center Frequency Classification
2) The center frequency estimation and classification accuracy is better for larger snapshot observation time. A possible explanation for this outcome is due to the improved p.s.d. estimate provided by a large number of frequency bins. With snapshot observation time 180 ps, 100% average TPR is achieved at path lengths 20 m and 10 m for n = 6 to 8, and n = 9 and 10 order Gaussian pulses respectively. Whereas for snapshot observation time 42 ps, 100% TPR is achieved at a smaller path lengths of 10 m and 1 m for n = 6 to 8, and n = 9 and 10 order Gaussian pulses respectively. For ∆T = 42 ps and at a path length of 15 m, the confusion matrix in Table 3 captures the fact that, the classification accuracy increases with increase in center frequency and lower center frequencies are erroneously classified only as higher center frequencies.
CONCLUSION
We have proposed a framework to simultaneously localize and estimate center frequency using a single higher order Gaussian mmWave pulse. The performance of the proposed framework is evaluated for graphene based transceivers operating in 100-325 GHz mmWave band. Our investigation shows that for a given pulse power, Gaussian pulses with lower center frequencies provide better DOA estimation accuracy whereas good center frequency classification accuracy is provided by Gaussian pulses with higher center frequency. Further, simulation results show that, for snapshot observation interval of 180 ps, it is possible to achieve DOA estimation accuracy below 1 • and classify three different center frequencies with 100% accuracy for path lengths up to 20 m and 10 m respectively. In future, event classification will be investigated based on the order of Gaussian pulses. 
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